The hydrothermal carbonization (HTC) is a very suitable process to transform wet biomass feedstocks into a peat-like material without drying the biomass input.
Abstract
The hydrothermal carbonization (HTC) is a very suitable process to transform wet biomass feedstocks into a peat-like material without drying the biomass input.
Therefore, the energetic balance is more favorable than for alternative processes converting biomass as a whole. Further synergies can be achieved when the plant is employed as central hub for a regional biorefinery. Hence, a HTC pilot plant is operated with garden prunings and monitored during two years. It is shown that the elemental composition of HTC carbon is relatively constant. A carbon content of higher than 60%
(based on dry, ash-free matter) is achieved. Fixed carbon content and volatile matter show low variation being the volatile content quite high with 61% on average. Dried in a post-process treatment which is less energy-demanding than drying of the raw biomass and pressed into pellets or briquettes the HTC carbon can be used as solid biofuel fulfilling the European standard (EN 14961-6).
With a regional thermal valorization of the biofuel the ashes can be returned as phosphorous source to the crop land from which the biomass was harvested. Part of the process water, which involves a high amount of potassium, can be used for crop irrigation. In this way, valuable plant nutrients are recovered for soil remediation.
Hence, closing the nutrient cycles a HTC plant can be considered as a sustainable local biorefinery producing a solid biofuel. Thereby, solar energy is exploited which was
Introduction
The biorefinery concept using biomass as feedstock for new sustainable chemicals and fuels requires a different methodology with respect to raw materials. The conventional petrochemical approach uses a big, concentrated, and continuous raw material stream to transform it into different products and by-products which are used as feed for subsequent processes [1] . Up scaling reduces production costs and therefore big facilities dominate the business [2] .
Collecting biomass on the surface of our planet is labor-intensive, is exposed to variable productivity due to seasonal growing patterns and is limited to a certain amount available per surface unit [3] . Hence, for larger biomass amounts large surface areas have to be harvested [3] . Furthermore, transportation costs for taking biomass to big plants increases with the distance between the collection place and the processing plant [4] . In this respect, and in contrast to the conventional petroleum refinery, small local plants provide better economical balances due to the minimization of transportation costs [2] . On the other hand, standard properties or requirements of the biomass employed for biorefinery plants have to be defined. In most cases biomass is a heterogeneous mixture and a certain process can only transform part of it and others remain. For economical reasons the unexploited part should be a minor one [5] . A prominent example here is the production of bioethanol from lignocellulose. The latter is a biopolymer composite of cellulose, hemicellulose and lignin. Here, only the parts consisting of glucose units, i.e. cellulose and partly hemicellulose, can be exploited and the rest has to be discarded or revaluated differently [5] .
A very attractive process for a biorefinery is the hydrothermal carbonization (HTC).
Rediscovered in 2007 by Antonietti [6, 7] originally the HTC process has been introduced by Bergius 1913 when working on coal liquefaction [8] . The solid HTC product is a peat like coal which is also often observed as an undesired by-product when monosaccharides (glucose, xylose, etc.) are employed in organic reactions and denominated humic acids or humins. Although formatino process conditions might differ, these humins are formed by dehydration and polymerization of carbohydrates and the same happens during the HTC process which is a physical and chemical dehydration process of lignocellulosic biomass. Hence, cellulose and hemicellulose are hydrolyzed to monosaccharides and disaccharides. These are dehydrated and polymerized again [9, 10] . The application of HTC carbon as solid fuel is the first choice [11] . Other potential applications involve their transformation into active carbon or battery electrodes [12] . It might also be used as soil conditioner or for carbon sequestration [13, 14] .
The HTC process is carried out in aqueous conditions at 180 to 250 ºC at autogenous pressure. For the production of a solid biofuel the process water can be reduced to 50%
by mechanical dewatering (Figure 1 ). After further thermal drying to a water content the HTC carbon can be pelletized. Apart from the fact that any lignocellulosic biomass can be processed, these aqueous conditions are the most significant advantage of the transformation since biomass always contains water (up to between 50% and 90%; Table 1 ). For the HTC process biomass does not have to be dried by means of energy-consuming thermal processes ( Figure 3 ). As the recalcitrant structure of the lignocellulose is partly destroyed during this process physical dehydration is facilitated for the solid product after the process.
Hence, mechanical dewatering is possible down to below 50 wt% and thermal drying can eliminate the rest of the water. The mechanical dewatering saves energy since it is much less energy consuming than thermal drying as water does not have to be evaporated. Figure 2 illustrates how the energy saving occurs: The water content that has to be evaporated for the same dry matter is reduced to one fourth by mechanical means. Consequently, the transformation of biomass in the HTC process can be considered as a concentration of the carbon content in the biomass by chemical and physical (post-treatment) dehydration. Figure 2 . Water amounts which have to be evaporated when drying materials with the same dry matter but with 80 or 50% of humidity. The water amount for 80% humidity is four-fold the amount for 50% humidity.
As any lignocellulosic material is accepted for the process, biomass waste streams can be processed, e.g. from agriculture, cellulose industry, agroindustry and even community residuals (e.g. municipal solid waste). The typical feedstock for a HTC plant consists of biomass waste streams characterized by high moisture content (up to 90 wt%, cf. Table 1 ) and high content of impurities. Therefore, synergies might be achieved when the HTC process is combined with existing biomass exploitation activities and this would also ensure an interesting price structure for new coal products and by-products to be placed in the market. 
Experimental Part
The HTC process was carried out in a continuously operating HTC pilot plant ( Figure   4 ) with a daily capacity of 1200-2400 kg of biomass (on dry base, between 8 and 16
hours operation time). The reactor shape is a vertical cylinder and wet biomass is fed to the reactor via a preheated tube to enter the reactor at reaction temperature (> 200 ºC) at the bottom. The carbon outlet is also at the bottom and gases can be released at the top of the reactor. For the data presented mainly garden pruning biomass was processed.
The solid product is separated from mainly inorganic particles (inorganic contaminations of the biomass fed, Figure 4 , right hand side) and the process water is removed by filtration (down to below 50 wt% humidity). Afterwards, the HTC carbon can be dried thermally which is the most energy-consuming step of the post-treatment.
The solid product was submitted to the following analysis procedures. The humidity was determined by the weight loss after heating to 100 ºC for several hours. The ash Process water analysis and monitoring was carried out by the Valencian Institute for Agricultural Research (IVIA). Samples were withdrawn over a period of two years and detailed analysis data with respect to its use for irrigation in a citric plantation can be found in Table S2 .
The process water was studied as feed for biogas production at the "Sustainable Energy . Under these conditions a stable operation was achieved for a period of ten days.
Results and Discussion
The heart of the HTC pilot plant is a vertical pressurized cylinder in which the HTC process occurs. Biomass is pumped to this reaction chamber via a preheating tube and a rising tube so that it enters the cylinder at reaction temperature of more than 200 ºC.
Depending on the physical properties of the biomass a mechanical pretreatment may be required. Soft biomass such as orange peel or onion waste is fed directly whereas garden prunings which include also small branches and wood pieces have to be shredded to a particle size of 5 to 10 cm, and mixed with process water to get a pumpable slurry.
After a residence time of several hours the biomass has been transformed into HTC carbon and is removed from the bottom of the reaction chamber together with some process water. In the case that the water content of the biomass is low (e.g. 30 wt%)
process water is recycled to the process together with fresh biomass to improve the pumpability of the mixture.
In the post-treatment the HTC carbon is milled to a particle size of below 8 mm and inorganic particles removed by mechanical means. A filter press eliminates water down to a humidity content of 45 to 55 wt%. Then the carbon powder can be further dried thermally and pressed into pellets or briquettes.
Properties of the HTC carbon
HTC-carbon samples were analyzed periodically during a period of 24 months. The chemical properties of the carbon are summarized in Table 2 and for all single data see Table S1 . It can be seen that the composition of the solid product is relatively constant although the biomass input might change due to variations in the composition of the prunings or other seasonal alterations. The average carbon content was 61.5 wt%.
Carbon contents below 60 wt% are due to less severe process conditions. The average value can be considered as an indicator for successful biomass dehydration. In general, lignocellulosic biomass possesses a carbon content of approximately 45 wt% [16] which is raised to over 60 wt% by the HTC process. These values are always referred to the dry material on an ash-free basis. The average hydrogen content was 6.2 wt% which indicates roughly a 1 : 1 molar ratio of carbon and hydrogen. The nitrogen and sulfur content depends mainly on the content of the employed biomass and neither of them is modified significantly. When processing mainly garden prunings the nitrogen content varied between 1.0 and 2.4 wt% whereas the sulfur content was always below 0.2 wt%. The proximate analysis of ash content, volatiles and fixed carbon is also summarized in Table 2 . In comparison to fossil carbons the volatile part is relatively high varying between 54 and 70 wt% but it is still reduced when comparing with lignocellulosic biomass for which typical values (on a dry bases) fluctuate around 80 wt% [17] . On the other hand, the fixed carbon was low oscillating between 13 to 35 wt%. Both ranges are typical for HTC carbons and have been observed also with other biomass types as feedstock. The ash content represents the water insoluble inorganic matter introduced with the biomass either as part of the original biomass or due to contamination (sand, dust, etc.) during harvesting and collection. With garden prunings the ash contents varied from 3 to 23 wt%. Applying a post-treatment including floatation and gravity separation of particles with higher density due to the inorganic part, the ash content of the remaining carbon is reduced to below 10 wt%.
In summary, from the data presented it can be seen that, indeed, biomass is dehydrated during the HTC process. Carbon content is increased from 45 wt% to higher than 60 wt% and volatile content decreased to 61%. If desired, an increased (chemical) dehydration could be achieved with more severe reaction conditions as for instance higher reaction temperature or prolonged residence times. The HTC carbon has interesting properties as solid biofuel. Table 3 compares HTC carbon pellet characteristics with the European standard of non-woody pellets for non-industrial use (EN 14961-6 ). This shows that the HTC process can transform a low grade biomass feedstock into a high density energy carrier. This type of high density pellet is water repellent and has a high resistance to fungus. One important characteristic is also the high ash fusion point in order to avoid clogging in boilers and stoves. In most cases the HTC carbon is suitable as solid biofuel as shown in Table 3 
The local biorefinery concept
For biomass exploitation small local plants help to save energy by minimizing transportation distances and this improves the overall process economics. However, the local biorefinery concept could achieve further synergies with respect to inorganic parts of the HTC carbon and inorganic and organic matter present in the process water. These materials can be considered as additional products of the process and need to be employed as fertilizer or soil conditioner in order to make the concept a sustainable one.
Provided that HTC carbon is revalorized energetically the inorganic part of the carbon is recovered as ash. Hence, the composition of the ashes was explored to see if there was any interest when using them as fertilizer. For doing so several kg of HTC carbon were burned and the residue calcined (815 ºC, 1 h) to obtain a representative and clean sample of the ashes. The composition of different metal oxides was determined by ICP-OES. It can be seen that the three main components were silica, calcium oxide, and alumina ( Figure 5 ), which are also the representative components of dust in Spanish cities like Albacete and Barcelona [18] . Therefore, it can be concluded that a substantial part of the ashes were due to atmospheric contamination. However, also elements valuable for plant nutrition such as phosphorous and potassium were detected ( Figure 5 ). This demonstrated that part of the ashes arises from the biomass and this part can serve as a valuable inorganic fertilizer when returned to the crop land. Having in mind the short distances between harvesting areas and the local biorefinery plant the ash involving the nutrients can be returned to the soil from which the biomass has been obtained. This replenishes part of the inorganic matter (especially phosphorous) which had been consumed before by the plant growing.
As mentioned before, the HTC carbon is removed from the reactor together with water.
The process water effluent is either introduced into the process as physically adsorbed water together with the biomass or as additional water which is needed for improving the pumpability when the biomass has a relatively low water content (30 to 60 wt%).
However, water is also generated by chemical dehydration. Between 20 and 30 wt% of dry mass of biomass can be converted into water for instance in the cellulose case.
Therefore, water has to be considered as a product of the HTC process and has to be administrated. In the local biomass concept this water can be employed for crop irrigation. Thereby, again, valuable nutrients can be replenished in the soil. During a period of time of two years process water of the pilot plant was being monitored and used for irrigation. Table 4 summarizes the composition of the aqueous effluent, more detailed data can be found in Table S2 . It can be seen that very small particles of the HTC carbon are not retained in the filter press and appear in the process water as sediments or humic extracts. However, the amount of total organic matter is bigger than the quantity of sediments. This means that there are also organic compounds dissolved in the water phase. By HPLC and MS short-chain carboxylic acids such as acetic acid, propanoic acid and butanoic acid were detected. Acetic acid might be derived from side chains in hemicellulose [16] and is often found as a product when biomass is processed as whole. These carboxylic acids also induce a weakly acidic pH as observed for the process water (5-7; Table S2 ).
For irrigation of a citric plantation the process water is supposed to be diluted by 1 to 40. In this way salinity (measured by electrical conductivity) and the concentration of phytotoxic elements such as boron and sodium are very low compared with the corresponding recommended maximum values (Table 4 , upper part). On the other hand, even in this dilution, the process water contributes the required potassium amount.
Probably, this is due to the good solubility of potassium salts in water. Hence, the HTC process acts as an effective extraction of potassium from the vegetable material. In contrast, in the case of less soluble elements or substances such as nitrogen-and phosphorous containing matter their concentration is lower. In the nitrogen case still 30% of the recommended amount is contributed whereas the phosphorous input is almost insignificant. This is in accordance with the fact that phosphorous pentoxide was found in a considerable fraction in the ashes (6.5 wt%, Figure 5 ). Hence, using the ash of the HTC carbon as a fertilizer is not only a way to get rid of the material but also combines again highly soluble and less soluble nutrients for soil remediation.
Process water was also analyzed for heavy metal contamination. However, as the main input for the HTC process was garden pruning or agro-industrial waste this kind of contamination was supposed to be low and this was also confirmed by the analysis. In a second approach the process water from the hydrothermal carbonization of orange peel waste was used as a feed for a biogas production study. The combination of hydrothermal carbonization with the biogas production from the process water has been reported before [19] . The chemical oxygen demand (COD) of the process water was 23 -34 g/L and it was fed to a fixed-bed digester with loadings of 1.5 and 10 kg COD /(V wv x d) ( Figure 6 ). These conditions correspond to contact times of 15 and 3 days, respectively. With the lower loading the COD is reduced to 5% of the initial value and 15 L of methane is produced per day. With the higher loading the methane production was raised to 90 L per day transforming the material which was responsible for 76% of the COD. For both conditions a stable operation was achieved for a period of ten days ( Figure 6 ). This indicates that contact time can be chosen according to the preferred outcome. With a longer contact time the COD can be eliminated up to a high degree (95%) or the methane production per day can be maximized with a small penalty due to decreased COD reduction. In summary, although based on a short trial the results obtained confirm that the biogas production can be an alternative to irrigation for the process water exploitation in the HTC process. Figure 6 . Results of the digestion of the HTC process water in a biogas plant.
HTC carbon produced with the pilot plant is suitable as solid biofuel (Table 3) and it can be considered to be an energy carrier. Then for the HTC plant a closed cycle as described schematically in Figure 7 can be established. The carbon dioxide produced in the combustion had been removed before from the atmosphere as plant building blocks assimilated during the photosynthesis. A precise energy balance for the HTC pilot plant is being elaborated within the NEWAPP project and will be published [14] .
Furthermore, for a local facility with local energetic valorization of the HTC carbon, the ash involving valuable nutrients can be recovered and replenish inorganic matter 
Conclusions
A HTC pilot plant working in continuous mode has been designed which permits to convert wet biomass waste feedstocks into HTC carbons. Due to the optimized design the size of the plant can be small and work still in an economically viable fashion.
Hence, the HTC plant could serve as a local biorefinery, involving short transport distances from and to the plant, producing a solid biofuel for heat or electricity generation. Plant nutrients washed out during the process such as potassium can be HTC-based local Biorefinery recovered and used for soil fertilization by irrigation with the process water.
Phosphorous can be recovered in the ashes and returned to the crop land. 
